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"A Stocha.~ic Approxi_tion Method tor Finite state Bqualization,"
inS'matigDa1 IX'I "iUl po tnfSII8,iqo Th.ery. Asilomar,
california, FeJ)Z'Uary 1'72, (with It. coainak).

"A Relaxat\on A190ritba ~or Automatic -.ualilation," Int'rriatigoal
a:GlRollum on Infgn-tipo D.qa, ,.ahkelton Iara.l, June 1973.

"Improvemlnt. in Rout1nq 1n , PI.Cklt-lvitehlel Nltwork" PrOQ. Icc:.c.
stockholm, June 1'74, p. 241-252.

"Delay Analy.i. in a MUltiple Cl••• ".et syat_ V.in9 sepent.eCS
K•••,qe SWitching'," (with s. MUrty), D:AA. ;Sid XDt'matJ.QMl GpDt.
Qn Qomput.r kQmmyni9atiooa, Toronto, canada, 1175, pp. 536-541.

"Terminal orilntlel COliputer Co_unic,tlon. Networks" inviteeS talk,
symposium on Data communioation., Inatitut. for Advanceel Study,
Mexico City, Jun. 1.7S.

"Dynamic. Sat.llite Slot Allocation. for Data Packet. Via Adaptive
TOM, II Proc. lITe, January 1.77 {with W. V09ll.anq). 'C'c

• -B9Unel. on the Plrfomance of aulueinq .y.t...," PrgQ. Int.. lyap. gn
InformAtion Tbeory, OCt.. 1917.

"aevilw of Tel.gogynle,tipn. 104 t;be <:owpu1;er" by .11.- .laiD,
IEEE Trans. on Comaunicationa, Feb. 1978. Al.o rrpg. tIll, June
1979.

"Loe.l Control tor Pac:kat SWitchiDg tor an • Station Pol1i~
Sy.tu, n (vi~~ c. OIIidyar) , P.I'M. 2lqS,tie lfal.cQDUDS,C;atipD'
Cont.rlne., Jan. 1971.

"A a••ervation NUltipl. Ace••• Techn1... fol' Data Traneai••lon Via
Satlilitl.," (wl~ K. IalA9angadbar), Prgg. Ha~iqn.l
Tll.cgmmunigat.lqnl Qgnflranc., HOY. 1.79.

"Low Rate Cocllft9 tOI' .p"ad 1peGtrta," (With H. H.l9"e~), PJ:gc;.
Nltion.l T.lec;qpunlqat1qn.· CgnftlreM., Rovaber 197'.

"Opt1mization ot th. Proca

RovaberNltion.lo t
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"'1'ran.ient Analp1. of an Adaptiv, N\lll St••ring' Ant.nna Array,"
(with R. Lanq), lIAticma1 rlllcQAUniWigM Cqntlreng. Rt:Qgg4ing••
Dec. 1980.

"Sp.cial I ••U" on Military communication.-, co-qu••t .d1~or 111I
Trln.agtibnl on CgWaupieat1QDa, Vol. 27, MO. 8, s.pt.mber 1980.

"Th. Ett.cts ot Fr.quency .l.ctiv. Fa41nCJ on 16-aZ'Y QUK",: (with
I.. B. xil.t.in and D. L. SChilling) , Conf.r.nc. on Informat.ion
Sel.ne. and By.t••• , 1981.

"De.iqn Conc.pt.. for Packet ••~0Z'U "it:h Auxiliary Sat.llit.
Chann.l.," (with ,. Yuill) , Ip1;emationll Cgnt.rangl gn
communication, JegPrd, Jun. 1181, pp. 41.3.1-51.3.5.

"Illaqe proae••1nCJ tor cartoqraphic _!icat10n8" (with H.H. La.w
anc! L. Goldman) P:p9. 7t:h xnt;.mlUgnll 'vue,tum on Magbi!).
Pros•••ing or. RMot.ly ".n,," Data, pp. 447-453, Purdu. Univ.r.ity,
Jun. 1981.

"Ett.ct ot Adjac.nt. Cbann.l Int.rf.renc. on Pertormanc. of QPSJC, 8
PSl(, 16 QUit and QPR" tcc cpng.rlnc, !egAm. vol. 3, Jun. 1982, PP.

, 6F. 4 .1-6F. 4.3.

"Th. Etfect. ot Frequency S.1.ct1v. Pa41ft1 on 8K and QP.· Aba1;rap1j.
of tho Int'Ratipnal 'DPO.iup OD Intonation '1'b.pry, JUn. 1'82, p.
170.

"Ve.tur. S.leetion 1n caRoqraphic ~p Proo•••in9," (wit.h tAtw)
2J:Q g, 6t.h tnt;, Conf, on Pill,m 'IQ08Dit;!on, Mun1ch, october 1'82.

"Delay B.havior ot ...."14 Prior1~y Channel. Operat1nCJ on a
CSIIA/CD Prot.ocol", lZ'pg. G1Qb19qa, (with AJ)dalali.) Dec. 1984, PP.
1099-1104.

"A New Priority Uaar Protocol tor CIIIICD and It. Analy.!_" (with
Abdelaziz) OlOHcGa bCOM, HOYaber 1'8~, pp. 6M-45••

"'l'h. Bft.ct:. ot ••1pt Pluctuatlona on the Pu'foZ1lAnoa ot Hull
St.••rin; Adaptive Array.- (vi~ Lant and 1:1-41n) .ileAl Blgprd,
October 1'.4, pp•

"An Approxiut:. Analyai. ot Int.eqra<tecl Voioe/Data Multipl.xinqwith
Voice BlockinCJ an4 Liait.ed "ait.1nq ltOO1I (Butt.r) tor Data" (wlth
Houss.vi) Glob.cem Record, Nov. 1984.

D'IXOlfD L. StZCDOI4'I
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"Delay Bah.viar ot ....rred Priority Charmel. operat.in9 on •
eSMA/CD protocol" (vi~ Abd.l••iz) prqa. At Xn1;.rn.t.ignal Cgnt. on
cgmm. lee. Chicaqo, IL, Jun. 1'85, pp. 10'9-1104.

"Applicat.ion ot a Bulk QU.u.in~ Kod.l for ~. Delay s-havlor ot a
csKA/CD Protocol wi~ Priorit.y Channel.. Xnl'rnltiQnal syapoaium
on %o:o",l1;ioD Th.OI'Y, Bright.on, Enqlan4, Jun. 1985, pp.

"Plrformanc. Analy.i. ot a Priorit.y 0••1' ProtocOl Emb.d4ed 1n a
CSMA/CD Channel", PIlOCO'M B.corsl, W••hin~on, D.C., March 1985, pp.
~19-425.

"New Analy.i. ot the Adap~iv. Array PertazwaftCl. in 1:he Pr••ence ot
MUlt,iple I:ni:erterinq source.", KXLCQ" reggm, octoJ)er 1'85,· pp.
524-!52i.

"Analysi. of Two Protocol. for Met..er-Bur.t Communications": ~
Proc••4ing.. 1186, pp. 632-635.

"Comparison at the P.rtormano. of • K-4, a-3/4, 16 QAM Trellis
Cocll" (with Hill) MXlmM 'I' CONI' PC, OCtobar, 1987, pp. 497-501.

"parton.nca Analy.i. of KoviDq loW\C&ry/Flxec! Fro. Int.aqrate4
Voic./oata Mult.ip1exinv TeCbniqg•• vi~ Carrelat..d Soura••" (wl~
MoDy.an) XHPOCQII PBOC '8' Marob 1••• pp. 4USl-677.

"Pack.t.ile4 NultJ..edia co_unicatiena" tnt..rnat.ional Workshop,
a.aka, November, 1987.

"Projac~ion Coda. - A Naw CIa.. ot FBC, 8Ur8t correo~ion and ARQ
Cod••" (with SChilling and Hanela) Prgg. JaLeQK, october 1'87, pp.
521-527.

"COIIPuter .atvorJd.!19 in th. Peopl•••apulic of China", JIll
CgmmunigatloD', Novaaber 1"., pp '1~".

. ' .
"Parforaance of Dl~ 88qQlftoa Ip~ad 8pectrua in a Pa4ing
Diaperaiv. Channel w11:h J_lnq· (with Vojcic:) Pin" IM9"",i9011
SDlpQwiua gD 'DrMd 'peg1;r1pl .,..Di......lepa.e., -7UIM 1••••,

"PerformanO.Analy.l. ~t InteC)rat.ec1 Vaica/Datll XUltiplaxing sy.~em.
with Local and. _Qt. ·!)au Sourc••- (wi~ Many_an) PEpg,-, qIDIICQK,
Navemb.r 1118, pp •

1

1
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"parforaanc. Analy.i. of an ATK Switc:bUnder Nonunlfora Traffic
Condition." (wi~ Her.fih) 2;:Qe. t~b W;x 'fegbngleqy IDpo.iUll' pR.e
105-119. oqtab,r 1119.

hcorr.l.~lon M04.1. for a Cla.. of X-ray I_g••," (wit.b Ihan;)
'rog.e41ogB ot tnt. cent. tilE Ing. 114. Jio. SQC. '90,
Philadelphia, Nov. 1-., 1990.

"On the di.tr~ution of • cla.. of X-ray. and Their stoebastic
properti••," (with Zhang) ,rosea4ig' pf1.Q1;;b lot. Cont. Pattern
a.coqni~ign, pp. 211-223, Jun. 11-22, 1"0, At1antic~it.y, KJ

"Dig-ita1 He41c.l 1_91n9 Networ1c:ift(J," (with Zhanq) to pr•••nt at
SPIE X.dical Imaqing V, Vol. 1446, .an Jo.e, P~. 19'1.

"Combined-Tran.foJ:a Coding tor Medical 1"V8 Data compre••ion,"
(With Zhanq) to pr••ent at SPXI ~ig.l tmaging yf Vol. 1446, san
Jo.e, F.b. 1991.

"Correlaeicn Model tor a Cla•• of Che.t x-ray 1"9•• ," (with Zhanq)
to pre.ent at s211 "t41e.1 XmAping y. Vol. 1446, San

Vol.
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"Shared spectrum con.iderat:iona in the Deaign of • Direct Sequence
PeN (wi~ Mula~ein at al) Proc. Firat syapoaiwa on Wirel•••
Personal communicat:ione, Jun. 1'91, pp. 12.1-12.12.

"Fi.ld Tnt8 oeeic;n to Daonatrate Increa.ed Spec1:ral Bfficiency
tor P.rsonal cOlDUnication." (With Ml1.tein .t al) Prpp. qlpb.pgm,
oecamb.r 1991, PP 878-182.

"Futur. P.rsonal cc.aunlcation. and Shared Spectrum Manage••nt"
(with Schll1inq .t: a1), Proe.« CQD.pb.r. sympo.iua, December 1991,
pp. 2.41-2.45.

"c.ll D••19n tor a aroadban4 COMA Peraonal communications Network,
XntlEpatipDal Cqnf.rtpal PO oqmwuniAftign• Coot'reDO' record" (ICC
'92) Chic.qa, Il, Jun. 1"2, pp le5-I't.

"Improved PeN Eftici.ncy Throuqh ~. U•• of Spectral Ov,rlay" (with
Schl11inq) ,rcc CAnt.r.ng. BleOrd", June, 1992i~p 243-244.

"Is.u•• '1n Microcellular Ccnamun!cat:or... A '1'DKA Performance Example
(with Vojc1c) Symposium Proce.cllng.", Glorg. Ma.on Univerait:y, Jun.
1992.

"Hodll1inq and QUeueinq Analyai. ot V.rlable~B1t-~t.Cod.d Vid.o
Souro•• in ATM N.tvorkaW (vith Xarafib), Clob.com '12.

"TDKA . P.rformance tor personal C~icaeion. Heeweru· (With
Vojcie), Glob.com '92.

190k contribution-

"Terminal-Oriented. COIIputer co.aun1oatioft lfetWerp· pp. 185-200 in
Adyanga. in gonpgter Qpmwpn1qatipal (_.l.cted reprint., w.W. Chu,
e~., Art.ch Rou.e, Inc., U.S.A. 117').

"HOd_, Hultipl.__, anc1 ConoaMn~or.· Chap~r 4 in ilia
Cgwunicl1;1qn.. _,bb an4 .rna

, '1'. Barte., ad. ITT-S".
Publieh1ng co., Indianapoli8, 1,e5, second Edition, 1"1. .

"Theory of Spr.ad8~ coaunica'tloM,. ppo. 57-';'" and "A Slapl.
Unifi.d Ph.aor Analy.1_ for PH IUl~ipl. Aeae.' to Ltaielnq
R.peat.r.,· pp. 22'-23', both in ..... IMP'iI'P'HgmppnigetiRD"
(reprint ••1ec~lon.), C.B. Cook at .1., 14•• , X•• Pr••a/3olm Wl1.Yf
New York, 1983. Al.o, reprinted in IEEE Multi»l. Aggasl
CommucicatiQn' l N. Abramson, 84., IEEE Pr••• , 1992.

aayxolm II. pxcaOLtra
'/21/.2
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Loga l &;a-f and 1U1t i g1• Agp." H.tyor~ (e4), eoapu~.r Seilncl
Pr••• , RockVill., MD 1186.

2,146,845 - Cain control ot Demo4ul.~o~.
3,180,205 - D18~.no......urinv Appara~u.
3,180,127 - cryptoaeoure Tran..l ••1on .ys~..
3,453,870 - S.lt-eon~lned Ma•• M.a.u~n~
3,'75,131 - Coh.r.n~ Pba•• tcck1n9 1n Data HOd...

Cgo.uIttag and 9PDtraA$ YPrk'

IRK Ra••arch.(19'1-71)
Fairchild In4uatrl.. (1"1)
U.S. Departmen~ ot ca..erc. (1".)
cComputlr 8clenol. Corpo~~lon (19.4-6')
Xn.trumen~. for %ndUe~ri.. (11'1·'3)
G.n.ral Atronic COrpo~atlon (1"5)
e~icat.ion8 lyet_ Ino.
F.d.ral c~unlcatloft8 Coami••lon (19'2-73)
Xonic. COrporat.lon (1"4)
In.~lt.u~. tor Deten•• Analy.i. (1974-p~.ent.)

ITT (19", 11")
It.ate of Klnn••~ (1"7)
r.d.ral Aviation Agency (1;1')
u.s. Any, oep&1"1:IIa1It. of o.t.n•• (1"1-12)
National T.1I~loa~ion.and. tnforaat.ion Agency (1'80-'2)
APe Corporation (.1'11-13) .
Wamlr A1Itx c:o-uniaat.1oftll (1"2-84)
Mavnavox Corporat.1on (1.12-84)
Anro Enginllrtnl (1.12-14)
ve;a Pr.e181on (1••4-1.)
Broadcoa (1'.5-17)
Davi. Roxi. 1'.i~ and 8a"004 (1'.')
ECCO (1"')" .
pactll CIllular C~1cat1on. (1"9'
Wolt Greenfield aDd .aoke (1'.')
R. J. 1&nk8, Inc. (1"9'
PeN America (l.tO - 1191)
'1!V Answlr (1"2 - )
SIll A~lant1c P.r.on.1 Comaun1cationa, Inc. (1'92 - )
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Banner, Birch, Mc,;ie and Beckett (1192 - )
Motorola (19'2 - )
Latham a~d Wa~ln. (1'92 - )

Prot,.,ienal CAUriel Taught:

w••~rn El.ctric Corporation
Bell T.lephone Laboratori••
IBM R••earoh
S.ll North.rn Ra.earch
aell CanaCSt
Manitoba T.lephone Iyat_
Brit1ah Columbia TelePbone Company
Tektronic. corporation
National s.curl~y Aqency
xnt..rna't1onalTelephon. and TeleC'P'apb c01Ilpany .
Ford Aeroapace corporation
MITRE corporation
Plannin9 a••••rch Corporation
oeten.. Communication. Aqency
u.s. N.vy
u.s. Air Poroe
u.s. Any
u.s. K.rine Corp.
Tran.canaCSa Telepbone .y.t.. (TC'l'S)
T.lecom canada
Intemat10nal Telecomaunloationa Union (ITO)

Iny1t ad 14Q1;UO'

"Digital satellite Coaunicat:lorw," Jlanitoba Section Of tDE, Jan.
1977.

"Time Division Multiple Acces.," ~1~1.b Coluabla C~lcation.
Society, Feb.~I'7.

"OrthOCional 8ivna18, Rad_rd TrU.fOZ1lll, and Creen Machin•• ,"
MCCill Univer8it.y aftdunlve.it.e' du Quebeo, April lt77.

"A New Aclapt.lve Ro\lt.ln9 Al90rlt!m for Packet Svlt:cbecS Data
Networks," univer.l'ty at Maryland, 11".

1tA!'JIOIrI) I.. .%Caor.~1
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"currant Developaen~. in compu~er - controlled Zl.c~ronic
sw1~chinq," IEEE Wa.hington S.ctlon communlcations society, Feb.
1978. ,
"'1'ae-Division DiVital switchinq," coaput.r Science Colloquium,
univeraity ot North Carolina, April 1'78.

"Spread spectrum Ca.aunication. - Fre.h Inai9hts·, computer
science/Electrical Enc;lneer1nq C:olloqulwa, North carolina state
'Univ.rsl~y, october, 1919.

"Data coa.un1catione," onlv.r.1ty ot ~tawa Sympo.ium, 1980.

"Modern Di91ta1 communication.," Geo~e Mason un1v.r.l~y, 1980.

"'1'ran.ient B8havlor of Adaptiv. Mull st••rinq An~enna Arraya,"
Institute tor Detense Analy•••, 1'80.

"Analy.i. of P.eudo-Hoi•• spr.ad Spec1:rua C:~icatlon. v1a Ie. Hard
LLmlter," ZlectrlcalEnq!neer1nq Dept. Col10quium~ vniversity ot
Vlrv1n1a, 1'81 an4 at IN'l'ZLSA'l' Corp....inar, 1'81.

"CUrrent Topics in Ca.aunication. Theory," cairo, Zqypt, 1981.

"oesign and Analyais of Data CO..~lcatlon. syst...," Blectrical
Enqlneerinq and Computer Sci.nce Departmant 301nt Seminar, North
Carolina State Oniveraity, 1'81.

"Naw Developmenta 1n Data communicationa,· University of Mexico,
Mexioo City, 1982.

"Cryptoqraph10 Xeth04. of DatA Protac1:ion, II W&ah~n¢on
Philo.ophical soci.~y, W••hlnqton, D.C. , 1,.2.

"I••u•• in Unc1eZ'Vater Acou.t:ic coaaun1cat.1on., II Ac:ou.t.ic Speech and
·81c;n&1 Proae••ing' WOJ:Jcahop, Wa.h1ng'ton, D.C., 1,.a.
"Coc11nq for Hultl-u•• comaunicat.iOlUt,. DepaZ"tllan~ of Blectrical
EnCJ1neer1nq, B~ 1)1"0 Stat. Vniverait.y, 1'83.

"Spr.ad Speat:ruJI ancIlI\llt.1p1e-Aca... co.aunicatlolUl, II <& le=ure. 1n
the D1at1ftp1.hed Lecturer Serie., ~nt. ot co_pu1:er Science
anc! ot Electrical and computer Bn91neerlnq, Un1vera1t.y ot
California, 1983.

"Spread Spectrua commun1cation8," IZEB Bo.~on Seation, 1983.

RA'IXOlIJ) L. »leaOLIfI
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"Adaptive Array.", Georwe M••on Univer.i~y and IEEE.

"LOcal ~. N.t.work. wi.~ Priority ChaM.l.", computer Sci.nce.
corpora~ion, Falla ehurch, VA, r.b., 1185.

"Local Are. Net.woru", HASA, Goddard sPe, Greenl:Ht1t, MD, Pe!).,
1985.

"codinq tor XUlti-U.ar co_unicat:1on. aftc! Application. to Local
Are. N.tworks", univeraity of Waterloo, reb., 1985.

"LAN with Prioriti.... , Rutqerauniv.r.it.y, Xarch, '1985.

ItAcSapt.ive Ant.enna Arrays", R\lt.ger. Un1verait.y, April 1185.

"'1'hrouqhput and Delay Analysi. for t.oeal Analyais tor Local Area
Net.work." , Ne State U, Kovembar, 1185.

"Adapt.ive Ant.enna Array. for .ate111te Communicat.ions," INTELSAT
D1.t.1nqui.hed se.inar seri••, Daceab.r, 1985.

"Spread Spectrum Technology", IDE 8o.~n section, MaZ'Ch, 1.86 •
.,

"Adaptive Communicat.ions", Dept. ot D Univer.it.y ot Karyland,
Feb., 1.86.

"Novel Techniqu•• ot Adaptive cc.aunicat,ion.", GTE Laboratorie.,
March, 1.86.

"An Application of Bulk Queueinq Th-ory to a Pnmlem. in Local Area
Net.work." , Dept:. ot Operation. b •••roh and Stat1.tic., Oeo~e

M••on universit.y, S~ab.r lIas.
"Data Inte9rit.y in CoIIputer Cc.aunloa1:1on "etvoru- Pol~.c:hnic
Univer.1ty Cen~.nni.l Celebration ~., .ept.eaber, 1"'.
"Perturbat.ion Method. f01:'8~ocl\.R1cDifferent.ial 8y.~" Depot. ot
EE, Unlvera1ty of Vi~ln1a, OCtober, 1.,a.
"Pr1ori~y R••erva~ion Pro~ocol. for t&HS", Technology St.rat..;i••
Canterence ADPA, February 19.7.

"D191~al Au~entication and ••cur1~y", EdWin Armatrong M.-orial
Lecture, State Un1vera1ty of .ew York at Stony Brook, Pebruary
1987.
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"Protocol. for Network s.curlty" , IdE National Capital Ar••
Sympo.iua, P~ruary, 1987.

"Adaptiv, Arr.y.: Al90ri~ anCS Aftaly.i." 13:&1 Balt1mor. Section
and 3ohn. Hopkina APL, Harem 1987.

, '.; ~.,

China Inatitoute of eo.unioat,1ona
R••••rch Inst.itut.e of Dat. C~ic.tion. Technoloqy
Beljing 1:nat1t.\11:.. ot Per.to and T.l.com.unic.~ion.
Aoademia 8in10.
8.1jln9 Unlv.ratty

Inatitut. of Computer Technology
!'Uclan tJniver.ity
Jlao '1'0ft9" Unlv,r.lty

Iban gbl.1.
t)
9)
h)

Invit.d 8_in.r Spe.lcer "Secure Da~a N.~worka· Department at 3CE
an4 CS, 8pon.ore4 by U. NOrth Carolina, N.C. St.at.. U. and DUke U.,
sept.emb.r 1'87.

Inv1't:ec1 Se.1nar Spe.ker "Public hy Kana9•••nt Byat..." nepartaent.
ot ICE and syat•••, Unlverait.y of virq1ni., October 1987.

ACH/IUE 1nvit.ed lect.ure "Prot.ocol. tor Authenticat.ion 1n Data
Ne~work." vienna, VA, December 1987.

1:nvii:.ed Del'9ai:.. I.eaCS.r anCS ucturer to People. Republic of China,
July 1987: Pr•••ni:.a~ion. on Dai:.a Net:workll, Local Ar.. Ne~work.,
-Protocol" oeaiqn•

• 9i1!1VJ
.)
b)
c)
d.)
e)

Shlnylng
1)
j)

lIUjing
k) Nanjin9 In.titute at Teabnology

"Dat.a hot.e~ian and. Authentlcation 1n .eworks" 8ellcore,
Korri.town, tf.1, May, 19.8.

"'!'he Behavior of Direct Sequence Spread 'peetZ'WI MUltiple .&eoe•• in
~e pruance at a Nonline.r Repea1:e1:", Univ.r.U~.y of Belqrad.,
naY, 1988.
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"Data c01ll1l\lnication For A paperle•• Society", New Jer••yInst:ltuta
ot Technology, January 1989.

"Data Pro~ection anc! security in Networks" ICce, Tel Aviv, ISRAEL,
Oc1:ober 1988.

"LOwer Bounds on Anqle of Arrival Zstimation with Arrays" Melpar
Ra••arch seminar, Sept_aber 15, 1989.

"Fast packet Swit:chinq" Panelist and M04era~or at MUltimedia
symposium at Montebello, P.Q. canada, 198'.

ItATK Switch Technoloc;ry" MCl '1'echnolO9Y Symposia, october 198'.

"Lower Bound. on Angle of Arrival Estimation with Arrays", Melpar
Researoh Seminar, palls Church, VA , septaaber 1989.

"cod". Division Multiple Access", society of "014-" crow.~ santa
Barbara, California, July 1990.

"TDMA v... CDIfA tor Personal coaunication Networks" contel
Technoloqy l_inaZ', Reaton, VA, OCtober 1990, HuCjJhes Network
8yste.s, CerJIantown,KD , NovGlber 1990, COMBAT La))orat:ori.e,
Clarkeburq, MD, November 1990.

"mDE: A Broadband Direc*ion Ist:illator", The Moozoe School of
Elect:rieal Enqin••rinq, university ot pennsylvania, Phila, PA, :ran.
1991.

"Mobile communication." California Institu~ ot Technology,
paaa4ena, CA, Feb. 1991.

"I••u.. anc! Techniques of Kiorooellular Par80nal C~nlcation.
Networks" International Sywposiua, Mexico Ci~y, Mexico, october
1991.

"New. Methods tor D19ital Signature Authent.J.ca~ion" MRJ, %nQ.
R.ston, VA, october 1"1.

"Spatial S.lec~lvl~y Uaing AzTays tor Low PrOb~11ity of
Ineerf.r.r~e 1n Mobile Co-.un1cations", I-.y.t:••s, palls Church,
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Abstract

This report presents an analytical model for assessing the detailed performance in
a specific geographic area of a Location and Monitoring System in the presence of noise
and interference. The report also presents the results of measurements on Teletrac's
operating system in Dallas-Fort Worth that confirm the predictions of the analytic model
and that show that an LMS system would generate fatal interference into a collocated,
co-channel LMS system. We then apply the model to a system with parameters similar
to those of Pinpoint's LMS system. The model predicts that the coverage of a Pinpoint
like system will be significantly reduced in the presence of co-channel interference from
a similar system.

1 Introductioll

Location and Monitoring Service (LMS) systems that employ wideband pulse
ranging use two radio communications links - a forward link to relay information and
locations requests to Radio Location Units (RLUs) located in the vehicles being
monitored, and a return link which carries the location signal and status information
from the vehicle to the fixed network.

H two LMS systems were to share the same channel in the same area, the
prospect would arise of interference between the systems. Since location accuracy is an
essential part of any location system, we examine the impact of such interference on
location accuracy.

PacTel Teletrac developed an analytic model, based upon radio propagation
modeling and the fundamental performance limits of hyperbolic navigation systems, that
predicts system performance under a variety of system configuration and interference
scenarios. Teletrac developed this model as a tool to use in the design and management
of its existing and planned LMS systems. Teletrac engineers have used this model
successfully to design and analyze Teletrac's existing systems in Los Angeles, Chicago,
Dallas-Fort Worth, Detroit, Houston, and Miami. l

To verify the model, an experiment was conducted in Dallas-Fort Worth which
showed reasonable agreement with the model's predictions for operation in the presence
of noise and interference.

1 The model runs discussed in this report were calculated with the multipath
analysis option in the Teletrac model turned off. Production use of the model has
included use of the multipath option. Since consideration of multipath effects 'would
degrade system performance, our calculations remain a bound on system performance.
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We used the model to predict the performance of a system similar to the system
proposed by Pinpoin~. This analysis, which is discussed in more detail below, shows
that performance of a Pinpoint-like system will be significantly impaired by interference
from a co-channel LMS system.

Section 2 briefly describes the Teletrac LMS system. Section 3 describes the
Teletrac model of a hyperbolic location system and also shows the model's prediction of
the impact of wide-band interference on both a Teletrac-like and Pinpoint-like system.

-Section 4 presents·the<experimental-measurements made on the Teletrac system
in Dallas-Port Worth and compares those measurements to the model predictions.
Section 5 describes measurements of the performance of Teletrac's receivers. We offer
our conclusions in Section 6.

2 The PacTel Teletrac LMS System

The Teletrac LMS system is made of two major components -- a fixed network
and radio location units (RLUs). The fixed network consists of several forward link
transmitters, multiple receive sites throughout the coverage area, and a single central
control center. The RLUs are transponders that respond to forward link by transmitting
a pulse consisting of repetitions of a l023-chip PN sequence modulated on a 908 MHz
carrier. The RLU transmits at 5 watts and normally operates with a -6 dB antenna gain
(typical of hidden installations for anti-theft applications). The Teletrac system also uses
a -12 dB gain antenna for some applications.

The base stations accurately measure the time of arrival of the pulses from the
RLUs. The Teletrac location system then uses a time difference of arrival (lDOA)
technique to locate the RLU. The times-of-arrival are sent from base station to the
control center which then solves for the location of the vehicle. The Teletrac system,
like any ranging-based location system, is sensitive to the effects of noise, multipath and
geometric dilution of precision (GooP) all of which cause differences between the
estimated location calculated by the system and the aetuallocation of the vehicle.

2 We considered an LMS system, like that proposed by Pinpoint, that used the same
channel to carry wideband transmissions for both the forward and return links. In
particular, we modeled the interference generated by the forward link transmissions of
such an LMS system to the return channel transmissions of another co-channel,
colocated LMS system.

2



3 Impact of "ide-baDd iDterfereDce OD the 10catioD accuracy of a TDOA
system

We assume that interference is the only source of error in the time-of-arrival
measurements. Thus, real world performance will be worse than our model indicates.
We further assume that interference can be modeled as additive gaussian white noise.
This assumption is quite reasonable since we assume that both LMS systems will be
using spread spectrum techniques3 that effectively treat uncorrelated signals as white
noise. Treating interfering signals as white noise is reasonable for either wide-band or
narrow-band interfering ·signals. The key assumption is that the .interfering signal is
uncorrelated with the desired signal.

The mathematical model can be summarized as follows:
Propagation loss (additional urban loss) is modeled after Okamura{2].
The model computes S/I (Signal to Interference) at each receiver

and then evaluates the Cramer-Rao (C-R) bound (lower bound of the
variance of the time-of-arrival measurement):

0 2 ~ 1
ro.t f,2(2E/N~

where ~ is the Gabor bandwidth,
E is the energy of the received signal, and
N.,12 is the two-sided noise power spectral density.

With the assumption that the measurement error has a zero mean and a Gaussian
distribution, the model calculates a least-mean-square solution for the hyperbolic
multi1ateration and estimates the covariance matrix of errors for this solution. Then the
model uses the covariance matrix to calculate GooP of the hyperbolic multi1ateration as
a function of the S/N ( signal to noise, or more precisely in this case S/I). Then root
mean square (rms) location error is given as:

rms location error = c *Goop*(rms of time-of-arrival measurements)

Here: c is speed of light and GooP is given by eq. A20 in Appendix A

The model then estimates the 95% (2 - sigma or DRMS) error for location
estimates at points in the desired coverage area.

Detailed derivation of the model is presented in Appendix A

3 Teletrac uses spread-spectrum techniques now and Pinpoint has proposed doing
so.
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3.1 Model Analysis of Teletrac System

.

We used the model to predict the coverage area of the Teletrac system in Dallas
Fort Worth. We gave the model the actual parameters of Teletrac's Dallas-Fort Worth
system as inputs. We reduced the sensitivity of base stations to account for the effects of
existing inband noise as shown in Table 1.4

Site Name Reduction in
Sensitivity (db)

AR 0

ED 0

GR 2

AL 0

RE 2

AC 1

CA 1

PL 0

MN 0

OX 10

LW 1

CL 9

MY 0

BR 19

MK 0

MS 3

DN 5

LE 5

4 We note that Table 1 shows a favorable noise environment in Dallas-Fort Worth.
Teletrac has observed substantially higher average noise in several cities. Increases of 10
to 20 dB over the noise floor are common in our experience.
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BY 0

AA 2

SH 0

AZ 3

BP 11

ICE 0

Table 1 Reduction of site sensitivities in Dallas-Fort Worth (measured 10 May 93)

Figure 1 shows the predicted coverage in normal operation. The regions in white
have unacceptable location accuracy (DRMS beyond 1,000 feet) for LMS operations.
Green represents areas with DRMS between 500 and 1000 feet and red shows locations
with DRMS less than 500 feet.

Figure 2 shows the predicted coverage in the presence of a single interference
source located on the eastern side of the service region. The interference is assumed to
be a single wide band forward link transmitting at 32 watts mounted relatively high
above the ground. Note that the model predicts that the coverage area would be
substantially degraded in the presence of this interference.
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3.2 Analysis of a System Similar to the Proposed Pinpoint System

We considered a system with receive sites located at the sites proposed in
Pinpoint's Dallas-Fort Worth application subject to interference from a similar
system.[3] We assumed that the only source of error in our analysis is the interferer 
that is we assume ideal receivers and no other sources of noise or system impairment.

We assume that interference arises from a base station with the characteristics of
. a proposed "Pinpoint "base "station. In particular, power levels will be those proposed by

Pinpoint for its base stations (484 watts), bandwidth will be 8 MHz and antennas will be
well above ground. We model radio propagation between the interfering forward link
transmitters and the subject receivers according to the free-space law. This is reasonable
since both the transmit and receive antenna are located well above ground level.

We assume that the Pinpoint-like mobile unit transmits a MSK signal at a power
of 40 W ERP and 8 MHz bandwidth centered at 922 MHz. We use an Okamura model
for propagation from the mobile to the base station. Processing gain of the system is
assumed to be 35 dB (63-chip PN sequence repeated 50 times), although practical
processing gain would probably be somewhat lower due to the synchronization
requirements.

Figure 3 presents the predicted coverage of this system in normal operation.
Again, we must emphasize that this prediction is a lower bound - error will be worse in
practice. Figures 4 and 6 show the coverage area in the presence of 32 watt and 484
watt interference. Notice the almost complete collapse of coverage in the presence of
484 watt interference that would be generated by a forward link using proposed Pinpoint
technology.
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